ABSTRACT Acoustic and electrical brain stimulations are techniques well known to enhance memory consolidation by driving slow oscillations (SO, < 1Hz) and sleep spindle activity. Recent studies have suggested that the temporal relationship between SO and sleep spindle activity may be an important key to understanding memory consolidation mechanisms. We hypothesized that evoking SO after sleep spindle activity may enhance memory consolidation. To derive these spindle-SO pairs, we delivered acoustic stimulation after sleep spindle detection and investigated its effects on memory consolidation with behavioral tests and analyses of neurophysiological features. Thirteen healthy male subjects (mean ± SD age: 26.3 ± 2.4 years) participated in this study. Subjects took a nap with acoustic stimulation after spindle activity detection and a sham nap without acoustic stimulation. All subjects performed word-pair memorization and finger tapping tasks before and after their nap. We found phase-locked SO and delta (1-4 Hz) activity during the stimulation nap in response to acoustic stimuli, and the subjects had a greater improvement in finger tapping tasks after the stimulation nap than after the sham nap (p = 0.014). We found strong motorlearning enhancement after the stimulation nap, but this effect was limited to the subjects who did not demonstrate evoked spindle activity after their acoustic stimulation. Evoked spindle activity occurred in the up-state following the negative peak in auditory evoked potential (AEP), and this activity was observed only in subjects who had a greater AEP amplitude than normal SO. Based on these results, we suggest that subject-specific stimulation parameters, such as acoustic amplitude and timing, improve motor learning, and are appropriate to drive SO without causing a spindle response.
I. INTRODUCTION
Sleep spindle activity and slow oscillation (SO) are notable features of sleep electroencephalography (EEG) during the non-rapid eye movement (NREM) sleep stage [1] - [8] . Sleep spindle activity is a key feature that is observed easily during NREM sleep stage 2 and is understood to be the result of thalamocortical interaction with a waxing and waning shape in the sigma frequency range (11) (12) (13) (14) (15) (16) [9] - [11] . There is some evidence of sleep spindle activity's role in memory
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consolidation [2] , [12] with synaptic plasticity in learning [13] . SO is a low-frequency (< 1Hz), frontal dominant EEG activity during sleep [14] , [15] and is most prominent during NREM sleep stage 3.
Furthermore, SO has been shown to contribute to the consolidation of declarative memory, as SO-enhanced sleep has been shown to parallel a stronger memory consolidation effect [16] , [17] compared to normal sleep. Lustenberger et al. [18] attempted to deliver a spindle-like (12Hz) transcranial alternating current stimulation (tACS) as feedback to detect spindle activity, and they observed enhanced spindle activity associated with a larger effect of memory consolidation during the stimulation night than the sham night. Previous studies suggest that SO and spindle activity may have some causal relation with memory consolidation during sleep.
However, there is another perspective indicating that rather than SO and sleep spindle activity, the temporal relationship between the two may be related to the memory consolidation mechanism [19] , [20] . Ngo et al. [17] and Ong et al. [21] found spindle activity during the intervals of SO trains and suggested that a temporal association between spindle activity and SO could be a key mechanism in memory consolidation during sleep. Similar to the viewpoints of previous studies, an explanation was suggested about SO's role in orchestrating spindle activity and the memory-enhancing effects during sleep [22] - [24] .
Another concept of SO is top-down control of spindle activity formation as hierarchical nesting of SO and thalamic spindles [25] - [27] . Although there is increasing interest in the temporal dynamics between spindle activities and SO, no study has introduced a spindle-SO pair. Antony et al. [28] attempted to investigate an auditory cue's memory-enhancement effect after the spindle refractory period, but they did not consider the phaselocked spindle-SO pair generation or procedural memory consolidation.
In this study, we investigated whether the temporal synchronization between SO and sleep spindle activity can be manipulated artificially or not. We also considered whether the spindle-SO pair contributes to the memory consolidation effect. To create a SO-spindle pair, we designed a real-time feedback system that includes a sleep spindle activity detector and delivers pink noise sound. We attempted to deliver this sound after sleep spindle activity was detected so that we could induce SO activity after the spindle activity as a response to acoustic stimulation during sleep [17] , [21] , [29] . Moreover, we investigated the causal effect of the spindle-SO pair on procedural memory and declarative memory by introducing two types of memory tasks.
We note that this paper is an extended version of a paper reported in IEEE EMBC 2018 [30] . In Section II, all experimental procedures and all methodological issues are described in a detailed manner. Results of behavioral and EEG analyses are described in Section III. Acoustic stimulation effects and limitation of this study are addressed in Section IV. Finally, our findings are summarized briefly in Section V. In summary, the aim of this study is
• to induce and modulate of spindle-SO pair which may play an important role in memory consolidation during sleep.
• to analyze neurophysiological activities from stimulation and sham conditions to compare the effect of acoustic stimulation after spindle activity.
• to understand the effects of acoustic stimuli on behavioral changes and causalities through neurophysiological EEG recording during a nap.
II. METHODS AND MATERIALS

A. PARTICIPANTS
Thirteen male subjects (26.3 ± 2.4 years; range = 21-30 years) were recruited and reported their mental state by answering a sleep-related questionnaire before the experiment. All subjects were neurophysiological and disorderfree non-smokers who took no long-term medications and all were right-handed, as verified by the Edinburgh Handedness Inventory (EHI) questionnaire [31] . In addition, all subjects had an Epworth Sleepiness Scale (ESS) score of less than 15, which indicates that they were free of pathologic sleepiness [32] . The Institutional Review Board from the Gwangju Institute of Science and Technology (GIST) approved this experiment (20180438-HR-37-05-06), and all subjects were informed about the experiment and provided a written consent form before their participation.
B. PROCEDURES
In the study, all subjects visited the laboratory three times on different days. Subjects were requested to follow a good sleep pattern at night (midnight to 8 a.m.) immediately before the experimental days to maintain a stable nap condition. The subjects' sleep patterns were monitored via actigraphy devices (wGT3X BT, Actigraph, USA). They took an adaptation nap to determine their first-night effects with 1.5 hours of EEG and polysomnography (PSG) recording on the first day (see Figure 1 for procedural details). Before and after the adaptation nap, they answered a questionnaire about current sleepiness (Stanford sleepiness scale, SSS), mood (Positive Affect and Negative Affect Schedule; PANAS), and the subjective quality of sleep before the experiment (Pittsburg sleep quality index, PSQI). They also performed three cognitive tasks for vigilance: psychomotor vigilance test, (PVT); short-term (Visual 2-back task); and long-term (word fluency) memory retrieval before and after the nap to assess their cognitive condition and vigilance. On the second and third days of the experiment, the subjects took a stimulation, or sham nap, in a pseudo-random order on days separated by at least two weeks. Before and after the stimulation and sham naps, they also answered the same questionnaires and performed the same cognitive tasks as those on the adaptation nap day. In addition, they performed memory tasks to investigate the memory consolidation effect during naps (details are described in the next section).
C. MEMORY TASKS
On the days of stimulation and sham naps, the participants had a learning session before their nap and recall session after the nap (Figure 1 ). A finger tapping task (tapping five digits composed of 1-4, e.g., 3-2-4-1-3, with the non-dominant hand using a keypad [33] ) was used to investigate procedural memory (non-declarative). In addition, a wordpair memorization task (memorizing 54 pairs of related words, e.g., airport-flight [16] ), was used to investigate 
FIGURE 2.
A detailed description of the memory tasks. Two learning and recall sessions. After memory evaluation (Test) in the learning session, subjects were allowed to take a nap.
declarative memory. A detailed description of the experimental procedure is in Figure 2 .
1) FINGER-TAPPING TASK (PROCEDURAL MEMORY)
For the finger-tapping task, subjects were trained to tap 12 sequences of digits before their nap as the learning session. Each tapping sequence was within 30 seconds with a different set of digits and a 30-second inter-trial interval for a rest. Subjects were instructed to tap the digits correctly as fast and as many times as they could. After their nap, there was a recall session for the same three sequences of digits as the last three sequences in the learning session.
2) WORD-PAIR MEMORIZATION TASK (DECLARATIVE MEMORY)
During the learning session in the word-pair memorization task, each pair of words was shown on a monitor for four seconds in random order, and the subjects tried to memorize the word pairs presented. After the learning session, the subjects proceeded to an immediate test that required them to type the words that corresponded to the words presented on the screen. If they did so correctly, a sound indicated a correct response and then the next question was presented.
We presented the correct word for two seconds when the subject typed the wrong word. After the first immediate test, there was a second test without providing the correct word for the wrong answer, and we obtained the result of the training session.
Among 54 word pairs, the first and last two were removed from the analysis to avoid the primacy and recency effects. After their nap, the subjects performed the same task in the recall session like that in the second test to assess the memory preserved during their nap.
D. SLEEP EEG AND PSG RECORDING
EEG data from 32 channels (passive electrodes positioned according to the 10-20 international system) were recorded and amplified via the Analog Input Box (Biosemi, Netherlands) at 512 Hz. Electrocardiography (ECG), electromyography (EMG), and electrooculography (EOG) were recorded simultaneously using the ActiveTwo AD-Box (Biosemi, Netherlands). In addition, PSG data were recorded with the SOMNOscreenTM plus (SOMNOmedics, Germany), including breathing, pulse, position, and snoring data. We recorded all of these data during 1.5 hours after the light was turned off in the experimental room; all subjects' mean nap duration was 86.6 ± 1.86 minutes. During their sleep, infrared video is recorded to visually inspect the condition of the subject.
E. REAL-TIME SLEEP SPINDLE DETECTION
We used a sleep spindle activity detection algorithm [34] in the Matlab environment (Mathworks, Natick, MA) that calculated the root mean square (RMS) of each subject's spindle frequency range (calculated from the adaptation nap) from EEG channel Cz or Pz.
Each subject's spindle RMS values were specified from the spindle activity troughs during the adaptation nap and the spindle activity detection threshold that was set as the 42 th percentile (this parameter was determined experimentally) of the spindle RMS histogram distribution. Detection criteria are designed to identify spindle activity troughs (spindle boundaries) that have a spindle RMS above a determined threshold. Finally, among spindle candidates, the duration of 0.5-3.0 seconds was determined as the spindle activity. We detected spindle activities during the sham nap and stimulation nap, respectively. During the stimulation nap, we delivered acoustic stimulation only when spindle activity was detected.
F. ACOUSTIC STIMULATION
Pink noise [17] , [21] , [29] was introduced as the acoustic stimulation (duration of 50 ms with 5 ms of ramping at the beginning and end of the stimulation). Acoustic stimulation at 62dB SPL was delivered through a binaural in-ear earphone (we used a B&K 2242 sound meter to measure the sound pressure level). The system latency for the acoustic stimulation ranged from 10 to 25 ms.
During the stimulation nap, acoustic stimulation began 10 minutes after the first detection of sleep spindle activity during the ongoing stable nap [29] . Stimulation was paused when the subject's EMG and alpha level increased to the level of wakefulness that was measured before the light was turned off. None of the subjects were informed about whether they carried out stimulation or sham session.
G. EEG ANALYSIS 1) EVENT-RELATED POTENTIAL (ERP) AND ROOT MEAN SQUARE (RMS) ANALYSIS
We investigated the EEG response from the acoustic stimulation. First, the event-related potential (ERP) was investigated to identify an auditory evoked response [21] . To extract ERPs, EEG data were re-referenced using the mastoid reference, and band-pass filtered with a cut-off frequency of 0.5 and 4 Hz. Trigger information (spindle detection) was used to segment trial epochs from preprocessed data, and we removed trials that contain artifacts by using amplitude thresholds or manual inspection [35] , [36] . Then, we estimated the mean potentials over stimulation trials and sham trials, respectively. Data for each trial were extracted from the 3,000 ms preceding the trial onset (spindle activity detection time) to 3,000 ms after onset, and the preceding 3,000 ms was used to correct the baseline (see Figure 3 for an exemplary trial).
RMS analysis was conducted to compare spindle activity between the stimulation and sham conditions [17] . To calculate the RMS value for each trial, EEG data from channel Cz were band-pass filtered between 11 Hz and 16 Hz, and RMS values were calculated for a moving temporal window of 64 ms without overlap. Then, RMS values were normalized for every trial as z-scores with a baseline from pre-stimulation epochs (3,000 ms). The mean RMS values of the stimulation and sham trials were compared after normalization.
2) TIME-FREQUENCY ANALYSIS WITH PHASE-LOCKING COMPONENT
Next, we analyzed the EEG trial epochs at channel Cz in the time-frequency (TF) domain to investigate the time-varying frequency response for each condition [18] . The Fast Fourier Transform (FFT) with the Hanning window was applied to each trial epoch for TF analysis. The window length was 1,000 ms (512 samples), the step size was 64 ms, and the frequency bin consisted of 100 steps between 0.5 Hz and 50 Hz. For each trial, the period between -3000 ms and -1000 ms from the trial's onset was used as the baseline to calculate the relative change in spectral power after the baseline period. We then evaluated the Inter-trial coherence (ITC), which measures the phase-locked component, to specify the phase consistency across all trials with respect to spindle detection (onset of trials) [37] . ITC can be calculated as the coherence among trials by emphasizing the synchronized frequency components. We used the EEGLAB toolbox [38] for TF and ITC analysis.
3) THE TOPOLOGICAL PLOT FOR SO AND SPINDLE ACTIVITY SO activity's peak amplitude appears in the frontal region and sleep spindle activity is observed commonly in the central region [20] . To emphasize the SO's frequency response (0.5-1 Hz) and the spindle activity's (11-16 Hz) response over the hemisphere, we plotted a topological figure for the frequency of each activity over trials. At first, we applied TF analysis for every channel and calculated the relative change in power in the SO and spindle bands from baseline (time epochs from 3 to 1 seconds before the trial onset).
Then, we plotted a topological figure in every 500 ms time window (without overlap) as the grand mean of the relative power change in SO and spindle activity over all trials. We used the FieldTrip toolbox [39] for topological analysis.
H. BEHAVIORAL ANALYSIS AND QUESTIONNAIRES
We estimated ''finger tapping speed'' for the motor task from the recall session and the last three sequences of the learning session (the same series of digit sequences). The tapping speed is the mean delay to correct key presses. We note that samples with a delay over three times of the standard deviation were excluded [18] .
For each nap, we measured the ''increment of tapping speed'' during the nap by measuring the difference in tapping speed between learning sessions and recall sessions. This implies the motor memory consolidation effect during the nap. To determine the acoustic stimulation's effect on motor memory consolidation, we estimated the ''difference in increment of tapping speed'' between the stimulation and sham naps and defined this value as ''Affected Procedural Memory'' (APM).
For the word-pair memorization task, we calculated the number of words forgotten as the difference between the number of words memorized in the second immediate test (training result) and the recall after the nap (test) for each nap. We then defined ''Affected Declarative Memory'' (ADM) as the difference between the number of words forgotten from the stimulation to the sham nap.
Subjects were instructed to answer questionnaires to provide their subjective evaluation of the quality of the nap three minutes after awakening. This included the following factors as perceived subjectively: sleep onset time, total sleep time, the number of awakening, sleep quality, and sleep depth [18] . They also reported Sleepiness (SSS), emotion (PANAS), and motivation after the nap. In addition to the scores from the questionnaires, we also measured the differences in all factors between the stimulation and sham naps to measure the acoustic stimulation's effect on each factor. VOLUME 7, 2019
I. STATISTICAL ANALYSIS
We used paired and unpaired Student's t-tests to compare the mean values from groups or conditions. We compared mean RMS amplitudes between the stimulation and sham trials, and behavior performances from motor and word-pair tasks, and scores from questionnaires.
We also estimated Pearson's correlations and a linear regression among features that implied the acoustic stimulation's effect to determine whether there were any positive or negative relations between the EEG and behavioral results.
III. RESULTS
A. BEHAVIORAL ANALYSIS AND QUESTIONNAIRES
We observed a notable difference in ERP (the trial mean time series) between the sham and stimulation naps (Figure 4) . No evoked response after the spindle detection onset (red dotted line, Figure 4a ) was found in the sham nap, but the AEP showed a clear transition from the up-to down-state after the trial onset (figure 4b).
Statistical tests on the amplitude of the ERP showed significant differences between the sham and the stimulation condition (Figure 4c , p<0.05). We also found more evidence of the SO phenomenon in the TF map ( Figure 5 ). There was strong spectral perturbation among the bandwidths under 10 Hz during the 1 second after the stimulation onset ( Figure 5A ), but we found high phasic consistency in SO (0.5Hz-1Hz) and the delta (1Hz-4Hz) activity band only over the stimulation trials ( Figure 5D ).
When we compared the RMS amplitude between conditions, we found a stronger evoked spindle response at 0.7-1.2 seconds after stimulation onset in the stimulation trials, and stronger spontaneous spindle activity around 1.6-3.0 seconds after spindle detection onset in the sham trials ( Figure 6 , p < 0.05).
B. EEG RESPONSES ACCORDING TO THE ACOUSTIC STIMULATION ONSET TIME
We observed that acoustic stimulation onset timing was different among trials. To investigate how stimulation onset timings were distributed relative to spindle activity, we plotted a histogram for the stimulation onset time relative to the time when the spindle activity diminished (Figure 7 ). Spindle diminishment is the moment when the spindle RMS drops below the spindle detection threshold level (0 ms in Figure 7 ). Notably, we found that in about 80% of the stimulation trials, acoustic stimulation was given after the spindle activity diminished (probability distribution between 0 ms and 750 ms). To investigate the stimulation timing's effect considering the spindle activity, we divided the stimulation nap trials into two groups: 1) the ''pre-stimulation group'' for trials whose stimulation was given before spindle activity diminished (i.e., stimuli were delivered during the spindle activity) and 2) the ''post-stimulation group'' for trials whose stimulation was given after spindle activity diminished.
Details on numbers of total trials, pre-stimulation trials, and post-stimulation trials for each subject were tabulated . We note that Fz was selected as the main channel for SO analysis because SO is mainly activated at the frontal channel, and Cz channel was selected for spindle analysis because spindles (fast spindle) are more clearly observed at the central channel. The differences between activities from Fz and Cz channels were not significant.
in Table 1 . We noted that the number of trials was the same as the number of spindles. We found there was a statistically significant difference in the number of trials between two conditions (p = 0.048), but there was not a significant difference in the spindle density between the stimulation period from the stimulation nap and the corresponding period from the sham nap (p = 0.06).
We plotted a mean topological figure for SO activity and spindle activity every 500 ms for pre-/post-stimulation trials (Figure 8 ). We found that channels with peak SO amplitude for the response to acoustic stimulation differed depending on the stimulation timing (pre-and post-stimulation in Figure 8 , the first and second row). The SO response from pre-stimulation was evoked in the central area (Cz), but post-stimulation evoked peak SO activity in the frontal area (Fz). In addition, the mean spindle duration for the pre-stimulation group was longer (0.6017 ± 0.5 seconds vs. 0.3325 ± 0.6 seconds, p < 10 −12 ) and the mean spindle RMS was greater in the pre-stimulation group than those in the post-stimulation group (2.46 ± 0.4 vs. 2.13 ± 0.4, p < 10 −8 ).
C. BEHAVIORAL AND QUESTIONNAIRE ANALYSIS
There was a significantly stronger enhancement in finger-tapping speed after the stimulation nap compared to that after the sham nap (Figure 10a , p = 0.014), while there was no significant difference in word-pair recall before and after the nap between conditions (Figure 10b , p = 0.286). No statistically significant differences were found between conditions on questionnaire scores (SSS and PANAS) and the subjective assessment of the nap's quality (Table 2 ).
D. LARGE-ENHANCEMENT GROUP VS. NO-EFFECT GROUP
We divided the subjects according to their APM value into the ''Large-enhancement group'' (LE, APM > 10 ms) and ''No-effect group'' (NE, APM < 10 ms) to determine the reason for the motor-learning enhancement effect. Then, we measured the grand mean of the ERP (from Fz channel) and RMS (from Cz channel) for each group by condition ( Figure 9 ) and found a larger ERP amplitude in the NE group than in the LE group. Moreover, there was strong spindle activity during the cortical up-state (depolarization) for the NE group (Figure 9b , magenta curve).
E. CORRELATION ANALYSIS
We measured the relative increment of spectral activity of SO (0.5-1Hz), delta (1-4Hz), theta (4-8Hz), alpha (8-13Hz) and beta (13-30Hz) band from the sham to the stimulation nap for each subject. The mean spectral activity during the sham nap was subtracted from that during the stimulation nap and was divided by the mean spectral activity during the sham nap. We found that ADM was correlated marginally, but not significantly, with the relative theta power increment ( Figure 11 , r = 0.53, p = 0.059).
IV. DISCUSSION A. ACOUSTIC STIMULATION'S NEUROPHYSIOLOGICAL EFFECT AFTER SPINDLE ACTIVITY DETECTION
We observed evoked SO (0.5Hz-1.0Hz), delta (1.0Hz-4.0Hz), and theta (4.0Hz-8.0Hz) activities by acoustic stimulation (pink noise) after the sleep spindle detection triggered ( Figure 5A ). In particular, as can be seen clearly, SO and delta activities were phase-locked to the stimulation onset with high phasic consistency over trials ( Figure 5D ). It may be deduced that acoustic stimulation after spindle detection may evoke the SO phenomenon, but we found this phenomenon was limited only to trials with acoustic stimulation that was delivered after spindle activity diminished (poststimulation). As evidence, we found clear SO activity in the frontal area in post-stimulation trials (Figure 8, 2nd row) . However, there was a weak response with a peak amplitude in the central area during pre-stimulation trials (Figure 8, 1st  row) , a phenomenon referred to as the vertex sharp wave (VSW). It is expected that acoustic stimulation may evoke VSW and SO, however, weak acoustic stimulation may evoke VSW commonly in the central region that is insufficient to evoke the SO response [40] . This type of weak AEP response may be explained as a result of blocking or attenuating sensory information by sleep spindle [41] , [42] . This gating mechanism may protect sleep stability from environmental noise, and functional isolation that promotes stable plasticity change [43] , [44] . Taken together, we suggest that acoustic stimulation should be delivered after the spindle activity diminishes to evoke SO activity. In our system, we observed 80% of post-stimulation trials among all stimulation trials (distributions after 0 ms in Figure 7) , however, probability of post-stimulation got increased up to 92.9% when considering time delay (250 ms) between spindle detection onset and acoustic stimulation onset (a probability distribution between −250 ms to 0 ms is 12.9%). Meanwhile, although there was a consistent effort to evoke SO during the stimulation nap, we found no significant difference in SO activity between the stimulation and sham naps during and after the stimulation period (not shown here, but a case of four participants are shown in [30] ).
In addition to the SO and delta response, we observed that theta (4Hz-8Hz) activity was evoked after the acoustic stimulation ( Figure 5A ). It had small phasic consistency ( Figure 5D ), but its evoked amplitude was large enough to be observed. A report [19] has addressed the observation of a transient increase in theta activity during slow wave sleep (SWS), which suggests a memory reactivation mechanism and communication between the hippocampus and cortex. Moreover, we found a marginal correlation between ADM (declarative memory consolidation change by acoustic stimulation) and a relative increase in theta activity ( Figure 11 , r = 0.53, p = 0.059).
This result may imply that theta activity has a positive effect on declarative memory consolidation, but we need 56304 VOLUME 7, 2019 FIGURE 10. The performance measure for each task. Left: finger tapping speed enhancement from before to after the nap for each condition. Right: the number of forgotten word pairs during the nap for each condition.
more evidence on the functional mechanism of theta activity during ongoing sleep [25] , [26] . Therefore, more subjects are needed to investigate the causal relationship between theta activity and declarative memory consolidation during a nap, which will be under investigation.
B. ACOUSTIC STIMULATION'S EFFECT ON BEHAVIORAL PERFORMANCE AFTER SPINDLE DETECTION
In this study, it was assumed that memory consolidation is related to the spindle-SO pair. As a result, motor memory enhancement improved over sham nap during stimulation nap (Figure 10 ). To investigate the reason for this enhancement, we divided the subjects based on APM, which implies an increased degree of procedural memory consolidation through acoustic stimulation. The mean ERP in the LE group (large-enhancement group, APM over 10 ms) showed appropriate AEP amplitude after the stimulation onset, with an amplitude similar to that of a spontaneous slow wave (Figure 9a) . Meanwhile, the mean ERP in the NE group (noenhancement group) was larger than that of a spontaneous slow wave, and there was a strong spindle response following AEP (Figure 9b) .
These types of spindle responses reflect a post-inhibitory rebound of spindle spikes after a huge negative potential at hyperpolarization (down-state) [10] ; Colrain et al. reported that a larger tone-pip evoked a greater AEP amplitude during sleep [40] . Interestingly, we delivered the same acoustic stimulation to every subject at the same sound level, but the LE and NE groups exhibited different AEP amplitudes. This difference can be explained by the individual variability of the thresholds for sensing external sensory input. Bellesi et al. suggested that there is a threshold for the acoustic stimulation intensity that evokes the SO response [45] ; this threshold may be related to individual hearing acuity. Therefore, we suggest that seeking appropriate volume of acoustic stimulation that evokes AEP with an amplitude similar to that of a sponta- neous slow wave can be crucial in enhancing motor memory consolidation.
There have been reports about spindle modulation's causal effect on motor learning during sleep [18] , [46] , [47] , but we observed that acoustic stimulation enhanced the procedural memory consolidation effect without modulating spindle activity. Therefore, our results may be evidence of a mechanism for motor learning that is related not only to spindle activity itself but is associated as well with a spindle-SO pair.
In summary, acoustic stimulation (pink noise) after spindle activity may be beneficial for procedural memory consolidation by generating a spindle-SO pair when stimulation is delivered at an appropriate sound level.
Lastly, we did not observe a positive effect of acoustic stimulation on declarative memory after spindle activity detection. Antony et al. [28] also found no beneficial effect of acoustic stimulation on declarative memory within the spindle refractory period (250 ms after spindle activity detection), but they reported enhanced declarative memory with acoustic stimulation after the spindle refractory period (2,500 ms after spindle activity detection).
On average, our system delivered pink noise sound 153 (± 300) ms after spindle activity (Figure 7 ), which may be within the spindle refractory period. This may be the reason that acoustic stimulation did not affect declarative memory. In addition, acoustic stimulation during spindle activity does not entrain SO activity in the frontal area (Figure 8 , 1st row), but acoustic stimulation after spindle activity did evoke SO activity (Figure 8, 2nd row) . From these results, we suggest that it is highly important to consider the timing of acoustic stimulation to evoke SO and modulate memory consolidation.
V. CONCLUSION
In this study, we attempted to facilitate the closed-loop acoustic feedback system with a real-time sleep spindle activity detector. We believe this is the first study to derive a spindle-SO pair through acoustical stimulation with an accurate phase lock. As a result, we found that acoustic stimulation (pink noise) after spindle activity could evoke phase-locked SO (0.5-1Hz), delta (1-4Hz), and theta (4-8Hz) activities. However, there were no differences in the spindle activity between the stimulation and sham conditions during ongoing naps. The procedural memory consolidation effect was enhanced during the stimulation nap compared to the sham nap, although we observed no effect of acoustic stimulation on declarative memory consolidation.
We suggest that two acoustic stimulation parametersthe stimulation sound level and timing-are of great importance to enhancing memory consolidation during a nap. We observed a large enhancement in motor learning on the part of subjects who demonstrated AEP with an amplitude similar to that of the spontaneous slow wave. Therefore, for the procedural memory enhancement, the acoustic stimulation's sound level should be controlled so that it does not evoke a huge negative potential that produces a spindle rebound. Lastly, acoustic stimulation during spindle activity did not induce SO, but there was a clear SO activity in response to the acoustic stimulus delivered after the end of the spindle. This suggests the importance of stimulus timing to derive the spindle-SO pair.
Our study has some limitations. We did not consider randomized stimulation's effect on memory consolidation and did not rule out pre-stimulation's (acoustic stimulation during spindle activity) potential effect on memory consolidation during the stimulation nap. Moreover, we need to verify the sound level's effect on the evoked response and memory consolidation by adjusting the pink noise sound volume for the same subjects. Meanwhile, we observed significant differences in the number of trials between the sham and stimulation conditions. Investigations on how these differences may affect memory consolidation should be done. Lastly, we have a small number of participants. This means that more participants are needed for a more reliable statistical testing. We will conduct additional experiments that address this study's limitations with a more sophisticated paradigm considering subject-specific optimized acoustic stimulation parameters.
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